This study investigates the combustion products of diesel-biodiesel fuel blends by considering its chemical equilibrium state. In order to determine the equilibrium combustion products involving 10 species, a solving scheme which can be used for different fuel blends consisting of CnHm and CHO generic structures was developed. The constituted solving scheme was then applied for four different mixtures which were diesel, 20 and 50 % biodiesel additions (by volume), and 100% biodiesel. The change in mole fraction of the fuels and their blends was determined as a function of temperature, pressure and equivalence ratio. Besides, mass-based combustion product rates of CO2, CO and NO for a unity of fuel mass were also investigated for different temperatures and equivalence ratios. The results show that the addition of biodiesel to diesel fuel does not have any significant effect on the change in the mole fraction of the combustion products. However, the addition of biodiesel reduces slightly the formation of CO and NO, while CO2 shows a slightly increasing trend. In terms of mass-based combustion product rates, the biodiesel addition reduces the amount of CO2, CO and NO products because it increases the molecular weight of the fuel blends.
INTRODUCTION
Combustion in power generating systems such as in internal combustion engines or gas turbines is a major source of emissions, soot, CO, CO2, NOx and HC. With the growing concern about environmental issues, more stringent emission legislations have been put into effect in many countries. In addition, although the reserve capacity of petroleum fuels has reached a low level, their use is still dominant in many systems generating power. These main reasons led researchers to study advanced combustion systems and alternative fuels. In this regard, biodiesel has received considerable attention as an alternative fuel to petroleum diesel due to its properties. The properties of biodiesel are close to diesel, however; it has also disadvantages which are higher viscosity, lower energy content, higher cloud point and pour point, higher nitrogen oxides (NOx) emissions, injector coking, engine compatibility, and higher engine wear [1] . Therefore, its direct use is limited to a diesel engine [2] . It is used more commonly in blended petroleum diesel. Diesel fuel when used as a base in a biodiesel blend can affect the blend's emission characteristics and performance of the internal combustion engine. Several studies have reported the change in emission and performance in regards to biodiesel effects. Can [3] investigated the combustion, emissions and performance characteristics by adding 5% and 10% biodiesel to a diesel engine [4, 5] . The results stated that the addition of biodiesel fuel did not cause any significant changes in CO emissions at the low and medium loads, while significant improvements up to 51% were found at full load. CO2 emissions for all engine loads slightly increased with the biodiesel addition. Moreover, NOx emissions increased up to 8.7 % for all engine conditions. Azad et al. [6] performed experimental studies on a multi-cylinder diesel engine to compare emissions and performance characteristics using soybean and waste oil biodiesel fuels. They used two biodiesel fuels at different fractions (5 to 20% with 5% increments, and 50%) with diesel fuels to investigate the effects of soybean and waste oil biodiesel fuels separately. They concluded that the reduction in emissions was different for both biodiesels, and waste oil biodiesel has better trends in terms of emissions with the increase of biodiesel fraction. However, NOx emissions of both types of biodiesels were obtained at higher levels than that of diesel fuel [7] [8] [9] . On the other hand, significant improvements in CO, CO2 and HC emissions were obtained using both types of biodiesel. Ozsezen [10] suggested that the oxygen content of biodiesel fuels contributes a complete oxidation of fuel in locally fuelrich zones, which leads to a reduction of CO and HC emissions. On the other hand, this also influences the NOx formation due to high local temperatures. However, much of the literature presents inconsistent trends in emissions such as comparing Ref. [3] and Ref. [6] in terms of CO2 emissions. Moreover, Monyem and Gerpen [11] concluded that the differences in NOx emissions between diesel and the 20% biodiesel were not significant, while Imtenan [12] showed a higher level of NOx emissions resulting from the use of biodiesel compared to diesel fuel. The differences in results are due to the physical and combustion processes within an engine such as injection timing, fuel vaporization and ignition delay period [13] [14] [15] . Besides, the differences in chemical composition and structure of fuels affect the combustion process development, which lead to the alteration of performance and emissions of an engine [16] . Biodiesel fuels are composed of many different classes of saturated and unsaturated fatty acids [17] which constitute their thermo physical and chemical structure properties. Biodiesel combustion is often found difficult to model due to the diversity of its sources and complexity in molecular structure [18] [19] [20] [21] [22] . However, combustion model studies are required to optimize a blend used in thermodynamic systems and to better understand combustion development along with experimental studies. In this regard, many numerical studies in literature have presented the use of suitable biodiesel surrogates, methyl butanoate [23, 24] , methyl crotonate [25] , and methyl decanoate [26, 27] . These works are mostly about 1D and 3D CFD studies, including a combustion kinetic model which is controlled by the rate of reactions [28] [29] [30] [31] [32] . A chemical kinetic model requires a set of elementary reactions with their reaction rates. Although a chemical kinetic model is able to provide a reasonable solution in many cases, it also involves sophisticated combustion calculation which in turn, increases the computational time. On the other hand, chemical equilibrium is a good approximation for a combustion model when assuming that the burned gases are at a chemical equilibrium in a high temperature combustion process. Chemical equilibrium is a condition based on the second law of thermodynamics which is defined as the Gibbs function change equals to zero for a reaction at a given pressure and temperature [33] . Therefore, in a combustion reaction, burned gases react together to produce and remove each species at equal rates. This means that it does not give a net change in species composition, but to the rate of occurring species at a given condition [34] .
Chemical equilibrium models developed for fuel are widely used in thermodynamic simulations of internal combustion engines [35, 36] . Many approaches were used in studies which present algorithms by considering a different number of chemical species.
A simple model including only six species of the products; CO2, H2O, N2, O2, CO, H2, has been defined by Heywood [37] . Gonca [38] investigated the effects of steam injection on the equilibrium products of bio-fuels such as biodiesel and alcohols. In their study, various bio-fuels were evaluated depending on their steam by air ratio by means of a constituted solving schema based on chemical equilibrium. Abbe et al. [39] performed a numerical study to compare four biodiesel surrogates using a zero dimensional thermodynamic model involving a chemical equilibrium combustion model. Ust and Kayadelen [40] used a chemical equilibrium model. They used 10 species of combustion products to predict their equilibrium and thermodynamic properties in a H2O injected combustion system at various H2O rates. The CO and H2 formations in a lean mixture were neglected. They, therefore, constituted their equation systems for lean and rich mixtures separately. They employed the equilibrium constants obtained from the JANAF table and then used the Newton-Raphson method to solve the equation systems. Rakopoulos et al. [41] studied a two-zone model for combustion and emissions formation in a direct injection diesel engine. They adopted a chemical equilibrium scheme involving 11 species of combustion products for calculating the constituents in exhaust gases. Diotallevi [42] developed a multi-zone model of a diesel engine for NOx formation. A chemical equilibrium scheme was created by considering 10 species as combustion products. The created a non-linear system of equations which was calculated using an iterative method developed by the author using the Matlab program. Mourya and Roy [43] carried out a study on the combustion modelling of a diesel engine operating using jatropha biodiesel and diesel engine blends according to a chemical equilibrium algorithm. To solve their equations, they utilized the C program and Mathematica software developed by the authors. Kayadelen [44] introduced a new equilibrium combustion model for fuels involving C, H, O and N molecules to calculate the mole fractions of equilibrium combustion products consisting of 14 species in terms of their thermodynamic properties and adiabatic flame temperature. The solving process was constituted into two paths to differentiate between rich mixture and lean mixture combustion in which CO and H2 were neglected. Thereby, the constituted linear equation systems were solved using both Gauss-Seidel and Newton-Raphson methods.
The objective of this study is to compare the equilibrium combustion products of diesel, biodiesel and their blends in terms of their mole fractions. For this purpose, the solving schema of the combustion model based on a chemical equilibrium was developed for blends of the CnHm and CαHβO generic structure representing any hydrocarbon and oxygenated fuel using the Newton method with finite difference approximations in the Matlab program. Therefore, CnHm and CαHO were used for the diesel and biodiesel fuels, respectively. The superiority of the developed combustion model allows for it to be executed at different blend ratios of fuels and atom numbers of C, H and O without separating the equation system for lean and rich mixture combustion.
METHODS AND MATERIALS

Equilibrium Combustion Model
In the analytical model developed, it is assumed that CnHm and CαHO represent diesel and biodiesel respectively, and air as an oxidant contains a mol of O2 and 3.773 mol of N2, considering all molecules except O2 to be N2. The combustion products were considered to consist of 10 species which are all assumed as ideal gases. The chemical equation which describes the combustion is expressed as Eq. (1): where x1-x10 denotes the number of moles for each product, n,m,α, and  represent the atom numbers of carbon, hydrogen and oxygen in the fuels, frc is a fraction of diesel fuel,  is the equivalence ratio, and is the stoichiometric molar air fuel ratio as given in Eq. (2),
By writing the C-H-O-N balances for Eq. (1), the first 4 equations are obtained as follows:
C balance:
frc.m+ (1-frc where P is pressure in atmosphere and Kp1-Kp6 are the equilibrium constants based on the partial equation for the reactions. Kpj (j=1 to 6) values can be obtained from the functions depending on the temperature given by Olikara and Borman [45] and Natarajan [46] using the JANAF Thermochemical Tables. Yum [47] suggested that the function uses NASA 7 polynomials as given in equations from Burcat [48] which are used in this study as follows.
Denote, j=1 to 6 for the Eqs. (7.1-7.6)
where a1-a7 are the coefficients which are found in the study of Ref. [36] , and T is the temperature in K. Thus, the Kpj values are calculated depending on temperature. Kp value gives an indication as to whether a reaction is product-favored or reactant-favored. If a Kp value of a reaction is bigger than 1.0, the reaction is product-favored, and vice versa. Figure 1 shows the change in Kp values in the range of 1400-3000 K. After substituting Eq. (8) into Eqs. (7.1 -6) for each reaction, the algebraic equation system consisting of 10 equations is obtained to solve for the 10 unknowns,x1-x10. This equation system is non-linear due to the last 6 equations. To solve this equation system, Newton's method [49] was used as follows;
writing Eqs. (3-6) and Eqs. (7.1-6) in the form for 10 unknowns respectively; i=1:10; 
The initial guess for x,
The following expression yields for approximations to xi ,
The first fraction of the second term in Eq. (12) is a Jacobian matrix and was calculated using finite differences, (k = 1 to 10)
The value of  was very close to zero to eliminate any truncation error. Thus, to solve for dxi , the next iteration was calculated as follows;
The iteration process ended when the solving process reached the desired converge criteria (t1 and t2) as follows;
Thus, the moles of the equilibrium products were obtained in the solving scheme. This scheme was executed for both diesel and biodiesel fuels with typical chemical formulas of C14.09H24.78and C18.74H34.43O2 [50] , and mixtures of these fuels (Table 1) at different parameters as given in Table 2 . Table 1 . Fuel blends.
Fuel
Explanation D100 100% Diesel D80B20 80%Diesel-20%Biodiesel (mole fraction) D50B50 50%Diesel-50%Biodiesel (mole fraction) B100 100%Biodiesel Table 2 . Parameters for the solving process.
Variable Range
Temperature (T) 1400-3000 K (for a lean mixture) 1750-3000 K (for a rich mixture)
Pressure (P) 50 atm 10-100 atm Equivalence Ratio () 0.4-1.4
After obtaining the solutions, the mole fraction and the amount of equilibrium combustion products per kg of fuel were calculated as follows;
where (Ma)xi and (Ma)fuel are the molecular weight of a combustion product and a fuel, respectively.
RESULTS AND DISCUSSION
The model was first applied for D100 and B100 under different equivalence ratios, temperature, and pressures according to Table 1 to determine how these parameters effect the change of mole fraction. Figure 2 shows the variation of equilibrium products with varying equivalence ratios at 2300 K and 50 atm. The mixture is lean at an equivalence ratio of less than unity, and there is excess oxygen for complete combustion. Therefore, CO2 formation is at a high level for carbon-related reactions. When a mixture becomes stoichiometric and rich (1), CO2 formation showed a decreasing trend, while CO increases due to the lack of oxygen for complete combustion [51] . This also causes O, OH, and NO to be reduced in the equilibrium combustion products. With a decrease of hydroxyl (OH) formation, the atomic H increases, and some of them react with each other to produce H2 molecules. The change of equilibrium products at varying temperatures are shown in Figures 3 and 4 for the lean and rich mixtures of D100 and B100 fuels. It can be seen in Figure 3 (for lean mixture) that CO2, H2O decreases slightly when temperature increases. The reason for this is that Reactions 7.5 and 7.6 became reactant-favored due to the decreasing values of Kp, as seen in Figure 1 . Therefore, the increase of CO formation had stemmed from the decrease in CO2 for balancing the number of C atoms in the equation system. On the other hand, the increasing temperature enhanced the formation of other products (except N2) due to increases in Kp values related to the products. In a rich mixture as seen in Figure 3 , CO and H2 are high, which are different from the levels shown in a lean mixture. This is evident when compared to trend in Figure 2 . Besides, the increase in temperature had influenced the formation of products in the same manner as in a lean mixture due to changes in the equilibrium constants. Figure 5 illustrates the mole fraction with changing pressures for the rich and lean mixtures of D100. With increasing pressure, the mole fraction of the equilibrium combustion products (except for H, NO and H) remained almost at a constant in a rich mixture, while the H2O, CO2, O2, and NO products in the lean mixture are at levels as shown in Ref. [31, 36] . By comparing previous results with those of the current study, it can be noted that H2O, CO2, CO and H2 are the dominant products in a rich mixture, while H2O, CO2, O2 and NO are dominant in a lean mixture. This implies that the partial pressure of these dominant products is higher than the others. Therefore, it can be suggested that the mole fractions of weak products had decreased due to the decrease in the ratio of partial pressure to total pressure [22] . Figure 5 . Mole fractions of combustion equilibrium products at varying pressures (at 1800 K).
The solving process was also carried out for diesel and biodiesel fuel blends to compare their equilibrium combustion products, CO2, CO and NO which are the major pollutants in a combustion process. The fuel composition affects the composition of products due to the different stoichiometric air-fuel ratios and carbon/hydrogen ratios [51, 52] . Therefore, Figure 6 shows the products with changes in equivalence ratio for diesel, biodiesel, and their blends. When comparing the equilibrium products of each fuel, it can be seen that there are no considerable differences in the mole fractions for the fuels. The reason for this is that the carbon/hydrogen ratio of the fuels considered in this study varies from 0.57 to 0.55, which are close values to each other [53, 54] . However, when looking at Figure 6 in detail, in the case of the addition of biodiesel, CO and NO formations are lower than diesel, while CO2 formation is higher than that of D100 due to its C number. Atomic numbers of N and O play a key role in NO formation. As biodiesel includes O molecules, the required air for the reactions decreases, which in turn results in the number of N molecules produced in a combustion reaction to decrease [43] . Therefore, the mole fractions of NO were obtained at a lower level for D80B20, D50B50, B100.  Figure 7 demonstrates the equilibrium combustion products of the fuels at changing temperatures for a lean mixture. The CO2 formation of B100 is the highest among those of the fuels. In addition, the differences in CO2 mole fractions of the fuels decreases with increases in temperature. On the other hand, both the CO and NO levels of the fuels are nearly identical in terms of mole fraction because their fractions are already low in the combustion products relative to CO2. In general, the results based on Figures 6 and 7 can be attributed to the aforementioned reasons.
Figure 7. Comparison of combustion equilibrium products CO2, CO and NO for diesel and biodiesel blends at different temperatures ( =0.7 ,P=50 atm).
The emission rates of mass-based (produced) products for the unity of a fuel were calculated for different temperatures and equivalence ratios. Figures 8-10 show the variation of the equilibrium products CO2,CO and NO of the fuels. First, as seen in Figures 8 and 9 for CO2 and CO, the characteristic curves are similar to each other and curves up to stoichiometric(  1) by depending heavily on temperature, while they depend on the equivalence ratio in a rich mixture( > 1). Considering the change in the amount of NO, which relies on both temperature and equivalence ratio. In general, it can be noted that the addition of biodiesel tends to decrease the amount of CO2, CO and NO[kg/kg-fuel] due to the fact that the molecular weight of biodiesel is heavier than that of diesel [55] . This means that the molecular weight of fuel increases with the addition of biodiesel, therefore; the amount of products per kilogram of fuel decreases (see Eq. 18). 
Estimation of equilibrium combustion products of diesel-biodiesel fuel blends using the developed solving process for CnHm and CαHβO fuel blends
CONCLUSIONS
In this work, the effect of the addition of biodiesel to diesel-based fuel on its equilibrium products in terms of mole fraction was investigated using a combustion model based-on chemical equilibrium which can be used for CnHm and CαHO fuels and their blends. Four different fuels which are D100, D80B20, D50B50 and B100 were investigated for their equilibrium combustion products under different temperatures, pressures and equivalence ratios using the created solving schema which adopted the Newton method with finite differences approximation. The following conclusions can be stated:
i) Increases in the biodiesel fraction do not have any significant effect on the change of mole fractions of the equilibrium products due to its C/H ratio which is close to diesel. ii) The mole fractions of CO2 increase with the increase in biodiesel fraction due to the O content in biodiesel fuel which helps to complete combustion. iii) In terms of mass-based formation, the amounts of CO2, CO and NO per kg fuel tend to decrease when the biodiesel fraction increases. iv) CO2 and HO2 mole fractions have a slightly decreasing trend with increases in temperature because the Kp values of the related reactions decrease, making the reaction change to be reactant-favored. The combustion model is independent of an engine modelling procedure, and it can be easily adapted to a thermodynamic-based engine simulation model for CnHm and CαHO fuels to estimate pollutant emissions and their thermodynamic properties. 
